Abstract-A silicon heterostructure photovoltaic system fielded for 10 years has been investigated in detail. The system has shown degradation, but at a rate similar to an average Si system, and still within the module warranty level. The power decline is dominated by a nonlinear V o c loss rather than more typical changes in I sc or Fill Factor. Modules have been evaluated using multiple techniques including: dark and light I-V measurement, Suns-V o c , thermal imaging, and quantitative electroluminescence. All techniques indicate that recombination and series resistance in the cells have increased along with a decrease of factor 2 in minority carrier lifetime. Performance changes are fairly uniform across the module, indicating changes occur primarily within the cells.
I. INTRODUCTION
C RYSTALLINE silicon (x-Si) heterostructures using amorphous-Si (a-Si) were first developed in the 1970s, and achieved mainstream commercial success with the introduction of heterojunction with intrinsic thin-film layer (HIT) technology [1] . Recently, world-record efficiency photovoltaic (PV) cells were achieved when the Si heterojunction was combined with an interdigitated back contact structure [2] , [3] . Higher efficiencies reduce cost because of increased generated power, reduced balance-of-system, and labor requirements. Yet, for the economics to be viable over the course of the warranty, the long-term performance of these technologies must be established. Durability of PV modules and systems has seen an increased interest in recent years, yet information on long-term field performance of heterojunction devices is sparse and with the market share of heterojunctions projected to increase to 10% by 2024, information on the dependability of these structures becomes more pressing [4] . In this paper, we present detailed information on the performance and small degradation of a 10-year-old HIT system at National Renewable Energy Laboratory (NREL). Table I summarizes the system and module parameters of the small test system at NREL. Five modules of a HIT technology are connected in series and rack mounted at latitude tilt (40°) at NREL, Fig. 1 . Continuous data over almost 10 years were collected. In addition, several times per year current-voltage (I-V) curves were taken outdoors and normalized to constant temperature and irradiance. Furthermore, the modules were tested indoors three times to date; prior to deployment, after two years and after almost ten years of field exposure. A control module was kept indoors during the entire duration allowing direct comparison to the outdoor aged modules. Field optical 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. EXPERIMENTAL DETAILS
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. Fig. 2 . Cumulative probability of I-V measurements for "high quality" data of [9] . The median and P90 are indicated by dashed horizontal lines and the total number of data points is indicated in the upper right corner.
characterization included periodic infrared imagery during the 10 years. Indoor characterization included electroluminescence (EL), photoluminescence (PL) dark lock-in thermography (DLIT), and dark and light I-V curve measurement. Furthermore, Suns-V oc and EL voltage uniformity mapping was carried out on one fielded and one control module.
III. RESULTS

A. Global x-Si I-V Parameter Degradation
Before focusing on the specific HIT system, it is worth examining published degradation rates and their respective I-V parameters, so we can compare these directly to the HIT system of interest. Quantifying I-V parameter degradation is important because it facilitates understanding underlying degradation mechanisms. Fig. 2 shows a cumulative distribution function of the current-voltage (I-V) characteristics for more than 1900 high-quality studies of crystalline silicon (x-Si) systems [5] . The median (P50) and the P90 are shown by dashed horizontal lines indicating 50% and 90% of x-Si modules and system fall at or below this level, respectively. Typical observed I sc degradation can be attributed to delamination, at least in the initial stages when an extra optical interface is created, discoloration and cracked cells, while a smaller percentage can be attributed to light-induced degradation and soiling [5] . Next, fill factor (FF) decline is typically associated with corrosion and solder-bond breakage, while a smaller percentage may be attributed to cell breakage [6] , [7] . However, the synergistic nature of degradation modes often leads to difficulties in the unique cause identification of power loss. Open-circuit voltage (V oc ) degradation is essentially not present. At the P90 level, i.e., 90% of modules show these symptoms, P max degradation is dominated by I sc and FF degradation. Yet even at this elevated level, V oc degradation is very small, if present. In practice, V oc loss may occur because of the loss of a substring caused by bypass diode failure [8] . Nevertheless, as shown in Fig. 1 that appears to be a fairly infrequent event. 
B. HIT System Performance
The temperature-corrected performance ratio (PR), Fig. 3 , shows an annual (linearized) decline of (0.67 ± 0.18)%/year that is within the warranty and is in the range of the average Si system [9] . Historically, degradation rates are typically considered to be linear; however depending on the degradation mechanism, modules and systems can display significant nonlinearities [7] . The moving average in Fig. 3 indicates a nonlinear decline, however data quality issues and outages makes this trend more ambiguous. The gap in the data was caused by the upgrades to the test field in 2009 when modules were stored and tested indoors. The electrical and meteorological parameters were measured with calibrated instruments, as described earlier for a similar system [10] .
More convincing evidence can be found by examining indoor and outdoor I-V measurements in Fig. 4 . The indoor measurements were taken on a large area continuous solar simulator (LACSS) prior to, after approximately 2 years and after almost 10 years of deployment [11] . Uncertainty bars, shown only for one data point, are indicated by dashed vertical lines [12] . The performance decline appears to be nonlinear and is dominated by reduction in open-circuit voltage (V oc ). It is not obvious that there is any significant I sc decline, although the slight encapsulant discoloration in Fig. 1 seems to suggest that there might be some. In addition to V oc decline, a small decline in FF may also be present, which we will discuss below. The outdoor I-V measurements appear to corroborate the indoor measurements, as the seemingly nonlinear decline is dominated by V oc . I sc and FF decline are not obvious. The uncertainty bars for the outdoor I-V measurements are slightly larger than the indoor measurements [note the different scale of Fig. 4(a) and (b) ], but are consistent with the considerable amount of prior work [13] , [14] .
To reduce the variability, outdoor measurements were corrected to 45°C instead of the more customary 25°C, shifting the normalized outdoor results relative to indoor measurement in Fig. 3 , but reducing the uncertainty associated with the larger temperature shift. and dJ/dV, respectively. The uncertainty bars indicated by the dashed lines, and only shown for the control module, are primarily governed by the choice of the fitting interval rather than measurement uncertainty [15] . The series resistance shows evidence of increases for all fielded modules, which may corroborate the slight FF decrease of Fig. 4 . In contrast, shunt resistances show relatively little change, however, it should be noted that the uncertainty with this method is fairly large. Therefore, the most important conclusion may be the absence of a clear trend.
C. EL and DLIT
The next step in the characterization series was to image one of the fielded and the control module by electroluminescence (EL) and DLIT. For enhanced EL resolution, each cell was imaged individually. The composite image of the entire module resulted in slight overlap on adjacent cells indicated by the black border surrounding the cells, as seen in Fig. 6 . The modules appear fairly uniform and no cracked cells were found in any of the modules. One difference could be observed; at the same current, the exposure for the fielded module was twice as long as for the control module, indicating carrier lifetime reduction. A few cells show a slightly darker cell edge indicating possible shunting regions that warranted further investigation.
Shunts can be more easily discerned in DLIT as brighter regions displayed in Fig. 7 . Higher resolution can be achieved from the back of the module than imaging through the front 
D. Dark I-V Modeling
Dark I-V curves were measured before and after almost 10 years of field deployment. Analysis of the dark I-V curves was accomplished by using a compact model. The compact model for dark I-V encompasses three components: 1) diode current, 2) non-Ohmic space charge limited (SCL) shunt current, and 3) series resistance [16] , [17] . First, the diode current can be divided into carrier recombination currents in the quasineutral J 01 and space-charge J 02 regions characterized by ideality factors of 1 and 2, respectively. Second, we found that shunt current in the HIT modules herein showed strong nonlinearity (power law) and cannot be described by a conventional ohmic shunt; rather, we adopted the SCL shunt conduction to model the samples, which is formulated by (2) . In (2), G shunt depends on the effective carrier mobility and layer thickness, and the power law index ξ is dictated by trap distribution. Finally, the effect of series resistance has also been explicitly captured in the compact model. Excellent fitting results were obtained for the dark I-V at various temperatures; an example at room temperature for an originally unexposed module (black) and the same module after ten years of field exposure (red) is shown in Fig. 8(a) .
Next, we perform a deconvolution analysis of efficiency degradation with respect to each circuit parameter as shown in Fig. 8(b) . Due the magnitude variation of measured dark current (10 -6 to 10 A), we apply the least-squares fitting to the logarithm of current values. The R-square of the fitting results are 0.95 and 0.92 and the mean absolute percentage errors are 6.5% and 5.8%, for the 2006 and 2016 measurements, respectively. These statistical parameters indicate excellent fitting qualities achieved in our analysis. Remarkably, our analysis reveals that the predominant factors contributing to degradation originate from increases in J 01 , J 02 , and R s , whereas R sh and photocurrent (not shown here) remain essentially unchanged over the years. Incremental J 01 and J 02 correspond to additional carrier recombination due to shortened carrier lifetime.
Series resistance losses can be associated with corrosion or solder bond problems, however no sign of corrosion could be detected along the internal circuitry and the junction box, and no hot spots were seen along the solder bonds. At the cell level, increasing series resistance extracted from dark I-V can arise from different causes, e.g., passivation layer, TCO layer degradation, or a change in the a-Si/c-Si heterojunction discontinuity [18] , [19] . It is also intriguing to observe increasing series resistance in the unweathered control group [module 80 in Fig. 8(b) ]. Yet, it is very difficult to ascertain the root cause of series resistance deterioration unequivocally, which requires further investigation. The position of each module in the string is indicated at the top of Fig. 8(b) , in addition to the increasing positive voltage from right to left. No correlation between the position in the string and diode factor increase can be seen indicating that potential-induced degradation is probably not a cause of the degradation 
E. Suns-V oc
In Suns-V oc method, V oc is measured at different irradiance levels allowing the construction of a pseudo I-V curve free of effects of series resistance [20] . The photocarrier lifetime, derived from these measurements is shown in Fig. 9 to have decreased by a factor of ca. 2 for the fielded module [21] . P max points are indicated by black squares. The inset shows parameters from a 2-diode model where the ideality factors are held at 1 and 2, respectively. Consistent with the I-V simulation, the series resistance and the saturation currents, primarily J 01 , have increased significantly.
F. Voltage Mapping
EL images were taken on the same field and the control module from the previous section at a series of different bias currents. The different cell intensity in the EL image can be converted to a voltage map of the cells within the module with knowledge of input bias and current [22] . Using a 2-diode model fit to the constructed dark I-V curves allows us to map diode model factors for each cell within the module, as shown in Figs. 10 and 11. The two modeling factors that exhibit significant change were the series resistance, Fig. 10 , and the dark saturation current J 01 , Fig. 11 . The series resistance appears to increase fairly uniformly across the module. The saturation current, Fig. 11 , appears to show a fairly uniform increase as well, however, some of the edge cells appear to show some less increase along the edges. In addition, the junction box was located in the center left part of the module, as indicated by the green arrow. The cell above the junction box exhibits slightly higher increase in series resistance and J 01 as neighboring cells possibly indicating a temperature effect.
IV. CONCLUSION
The HIT system at NREL shows performance degradation after 10 years of field exposure that is within the warranty and is statistically similar to an average x-Si system. Most of the power loss appears to be nonlinear (degrading most in the first two years) and V oc dominated indicating that the cell device structure has changed. Several characterization methods and simulations indicate that the recombination in the cells has significantly increased and it appears to be fairly uniform across the module. In addition, the series resistance has increased but typical extrinsic causes such as corrosion, solder bond weakening, or cracked cells can be excluded. Slightly higher increase in series resistance and saturation current on the cell over the junction box could possibly indicate a temperature effect.
